Abstract. Magnetoresistance in two-dimensional array of Ge/Si was studied for a wide range of the conductance, where the transport regime changes from hopping to diffusive one. The behavior of magnetoresistance is similar for all samples; it is negative in weak fields and becomes positive with increasing of magnetic field. Negative magnetoresistance can be described in the frame of weak localization approach with suggestion that quantum interference contribution to the conductance is restricted not only by the phase breaking length but also by the localization length.
Introduction
Our previous study of temperature dependence of conductance and its non-linearity in 2D Ge/Si quantum dot (QD) array [1] showed that change of the structural parameters of the system results in the transition from strong (SL) to weak localization (WL) behavior and, respectively, from hopping to diffusive transport. Different transport regimes should be characterized by different behavior of magnetoresistance (MR). The classical theory for hopping MR predicts a positive MR due to the shrinkage of the impurity wave functions in magnetic field which leads to the decrease of the overlap between localized states and thus reduces the hopping probability [2] . Negative MR is well known at WL [3] , where the interference among multiple elastic scattering paths of a single conducting electron leads to the enhancement of the backscattering probabilities. A phase shift in the electron wave function introduced by magnetic field suppresses the coherent backscattering and produces the negative MR. Negative MR was also found for variable-range hopping (VRH) [4] , but the mechanism of this effect has different nature. In VRH interference the backscattering gives a negligible contribution to negative MR and the major source of the effect is destructive interference between the forward paths [5] .
In this paper we describe the results of MR measurements performed on 2D Ge/Si QD system in which the localization strength can be adjusted by variation of QD occupancy, QD array density and under the annealing at 480÷625 • C. For the samples under study the range of the conductances at 4.2 K is approximately 10 −5 ÷10 −10 Ohm −1 .
Experimental setup
The samples were grown on a (001) p-Si substrate with a resistivity of 20 Ω·cm by molecularbeam epitaxy of Ge in the Stranskii-Krastanov growth mode. Two growth regimes allowed to obtain the QD arrays with different density. In the first case, the growth temperature for 10 monolayers (ML) Ge layer was 300 • C and the growth rate was 0.2 ML/s. As a results, the areal density of the dots was shown to be ∼ 4 × 10 11 cm −2 . We named this type of samples as single density samples (SD). In the second case, the decrease of the Ge growth temperature down to 275 • C with simultaneous increase of the growth rate allowed to reach the twice higher QD areal density (∼ 1 × 10 12 cm −2 ). These samples were referred to as double density samples (DD). To supply holes to the dots, a boron δ-doped Si layer was inserted 5 nm below the Ge QD layer. The SD samples were additionally annealed in Ar atmosphere during 30 minutes at 550, 575, 600 and 625 • C. The silicon cap layer had a thickness of 40 nm. Al metal source and drain electrodes were deposited on the top of structure and heated at 480 • C to form reproducible Ohmic contacts. The resistance along the QD layer was measured by the four-terminal method. The temperature stability was controlled using Ge thermometer. The magneto-transport measurements were carried out at 4.2 K in magnetic fields 0÷10 T.
3. Results and discussions 3.1. Temperature dependence of conductance Fig 1a. demonstrates the temperature dependence of sheet conductance as Arrhenius plots for the following samples: for SD samples with filling factor ν ≈2.4 annealed at different temperatures (number 2-6), for SD sample with ν ≈2 annealed at 550 • C (7) and for the sample with double density of dots (ν ≈3) in zero magnetic field (1) . One can see that the conductance strongly depends on sample parameters and changes by the several order of magnitude. Annealing at 480÷625 • C leads to the increase of the conductance with annealing temperature. The G values of DD sample (1) and SD samples (2, 3) annealed at high temperature lie in the range typical for the diffusive regime [6] . The transport regimes for the samples under study were analyzed in the frame of both VRH and WL approaches. In general, the temperature dependence of conductance for VRH is given by
where γ and m are the constants, T 0 is the material-dependent constant, x = 1/3 (Mott law) and x = 1/2 (Efros-Shklovskii (ES) law) for the 2D VRH without and with electron-electron interaction, correspondingly. To determine the behavior of G(T ), we analyzed the temperature dependence of the reduced activation energy method proposed in [7] . The analysis shows that the temperature dependences for the samples 4-7 are well described by the ES law with x ≈ 0.5. Localization length ξ can be determined from the T 0 value as ξ = Ce 2 /εk B T 0 , where theoretical value of constant C for single-electron hopping in 2D is C = 6.2 [8] , and ε is the static dielectric response, k B is the Boltzmann's constant. It was found that the G(T ) dependence for the samples with G ≥10 −6 Ohm −1 can be described by the same equation but with poor accuracy. Nevertheless, the same procedure was carried out for all samples and both T 0 and localization length ξ were determined. The values of ξ for each sample, calculated using the above mentioned formula, are marked in Table 1 . One can see that the smaller is the conductance the more localized is the system as it should be in accordance with the classical scaling theory [9] . For the samples 1, 2 and 3 (most conductive ones) the formally determined values of ξ are about of several micrometers. Of course, such a large ξ magnitude, poor accuracy in the evaluation of G(T ) by the VRH, high value of conductance (∼ e 2 /h) and weak temperature dependence of conductance suggest that the theory of quantum correction should be applied for describing the transport behavior in this kind of samples. Fig.1b demonstrates the approximation of all samples under study (the same number of samples that for Fig.1a ) in a frame of the theory of quantum corrections (the G axis is shown in logarithmic scale for better vision of all experimental curves). One can see that the temperature dependence of conductance is well described by the logarithmic law (gray lines) only for samples with G ≥10 −6 Ohm −1 . Our previous results [1] showed that at G ≤ 10 −2 e 2 /h the conductance of the system is well described by the variable-range hopping via Coulomb gap states (Efros-Shklovskii (ES) law), whereas at G ≥ 0.4e 2 /h the conductance is diffusive. Corresponding bounds are shown in Fig.1a as dash lines. Thus, the analysis of the temperature dependences of conductance for samples under study agrees with the G-bounds for the transition from hopping to diffusive transport observed in [1] .
Magnetoresistance
The typical transversal field sweeps of R/R 0 at fixed temperature (4.2 K) are shown in Fig.2 .
One can see that all samples demonstrate similar behavior of MR in spite of the differences in the conductance and transport behavior. In low fields one can observe the negative MR that turns into positive one with the increase of magnetic field. To understand what kind of mechanism can be responsible for the negative MR in our system, we have analyzed all of our MR data in the frame of both VRH and WL approach. Insets to Fig.2 show the enlarged images of low-field data for high-conductance samples in ∆G(B) axis (left inset) and for lowconductance samples in R/R 0 (B) coordinates (right inset). In the frame of NSS model for the VRH regime [4] , averaging over different realization of hopping paths of carriers scattering on N centers with µ = 8πξǫ i /(ǫ 1 − ǫ i ) < 0 scattering amplitude leads to the linear dependence of 
where r is the hopping length, ǫ 1 is the energy of tunneling electron, ǫ i is the energy of scatterer. As for VRH via Coulomb gap states r ≈ ξ(T 0 /T ) 1/2 ≈ ξ 1/2 , we can rewrite the expression (2): L ≈ Cξ 4.5 , where C does not depend on ξ. Thus, for larger ξ the larger the effect of negative MR should be. The linear dependences of ln(R/R 0 ) on B are really observed practically for all low-conductive samples (Fig.3) , but the effect of negative MR falls with the ξ increase (inset to Fig.3) . It means that the nature of negative MR differs from the interference of forward paths in VRH. Inset-slope of the linear approximation of the experimental data versus ξ.
All the samples under study were analyzed in the frame of WL approach. In accordance to the phase breaking time (τ φ ) approximation [10, 11] due to the ordinary quantum correction to the 2D system conductivity, the conductance changes with magnetic field as (HLN expression)
where l is the transport mean free path, α is the constant of the order of unity, ψ(x) is digamma function and the phase breaking length is L φ = (2Dτ φ ) 1/2 , where D is the diffusion coefficient. Although the prefactor α has to be equal to unity within the framework of the conventional WL theory, it is often used as the second fitting parameter together with L φ . An important point is that almost all experimental data are better fitted with α ≤ 1 [12] , which contradicts to the theory. Especially α vanishes when k F l becomes close to unity. In this case to fit experimental data with HLN expression, one needs to vary 3 parameter: L φ , l and α. To resolve this problem, we use the method of successive approximation [13] when solving together the HLN equation and the equation for the conductance in WL regime. As far as the correction due to electron-electron interaction is small at k F l ≈ 1 , the only correction due to interference was taken into account:
The l value can be extracted from the value of Drude conductance G dr : G dr = e 2 nτ /m = πk F lG 0 here G 0 = e 2 /2π 2h , n and m denote electron density and mass, respectively, τ is the elastic transport mean free time, ν = m/2πh 2 . The example of the experimental data approximations with HLN equation for 3 samples: 2, 5 and 6 are shown in Fig.4 . The parameters α, L * φ and l were found from 10-12 successive approximations (the asterik in L * φ is because it is unknown in advance how the fitting parameter in the HLN expression relates to the true phase breaking length at low conductances). It is necessary to note that decrease of the conductance leads to a strong decrease of α value. The authors [14] maintain that it is a typical behavior of α when the system is in the crossover between WL and so called weak insulator (WI) regime. The last one is characterized by the zero-B conductivity that can be less than G 0 at low T and k F l ≥ 1. Namely this regime is supposed to observe in our case. Generally speaking, at k F l ≥ 1, the nature of interacting electron transport in the case when the states are localized with large enough localization length ξ is not fully understood. The authors [15] showed that the MR even at low conductance, G(B 0 ) ≤ G 0 , can be still fitted by the HLN formula derived for k F l >> 1 , but with a reduced prefactor α << 1. However, they examine the regimes with G not smaller than 10 −2 G 0 . We carried out this procedure for all samples under study up to G ∼ 10 −4 G 0 and the resulting parameters are collected in Table 1 . As it was expected, k F l values for the samples under study lie in the range 1-1.5. The typical distance between quantum dots is about 5 nm for sample with the dot density ≈10 12 cm −2 and 15 nm for the samples with ≈ 4×10 11 cm −2 that are close to the obtained l values for the samples without high-temperature annealing. If we suggest that the main scattering centers for the delocalized electrons are the QDs, the annealing should lead to the smearing of dots and, consequently, to the decrease of the inter-dot distance. Decrease in l value with annealing confirms this proposal and allows one to represent Ge nanoclusters as scattering centers. The characteristic values of L * φ lie in the range 15 -140 nm. In the frame of proposed approach [15], L * φ value is the combination between dephasing length and localization radius and we cannot extract one of these lengths separately. Using the expression for ξ * ≈ l exp(πk F l/2), we can estimate the value ξ * . The result of these calculations are added to Table 1 . One of the intriguing result is that L * φ and ξ * have equal values for all samples except the most conductive one. This coincidence can be understood assuming that the interference effects happen inside the cluster with characteristic size ξ * . In this case, the interference correction is restricted not only by phase breaking length, but also by localization length ξ * : 1/(L * φ ) 2 = 1/(L φ ) 2 + 1/(ξ * ) 2 . For L φ >> ξ * , ξ * plays the role of the sample dimensions when considering the quantum coherence corrections to the conductivity. On a shorter scales, the electron dynamics remain diffusive: an electron merely 'does not know' that it is going to be localized. In this case the value L φ in HLN equation should be replaced with ξ * , and this explains the observed coincidence of L * φ and ξ * . When L φ ≈ ξ * , L * φ = ξ * / √ 2. In our case for sample 1 we obtain L * φ = ξ * /2 than the relation between L φ and ξ * is: L φ = ξ * / √ 3. The difference in ξ * and ξ obtained from the analysis of G(T ) dependence is evident, because the first length is determined by the interference inside the cluster with ξ * -size and the second one defines the motion of this cluster along the hopping network. To understand if the proposed model is valid or not, the temperature dependences of MR need to be known.
